Molecular dynamics simulation of PEMFC cathodes based on ternary Pt 70 Pd 15 Au 15 and Pt 50 Pd 25 Au 25 nanocatalysts dispersed on carbon indicate systematic Au segregation from the particle bulk to the surface, leading to an Au layer coating the cluster surface and to the spontaneous formation of a Pt@Pd@Au core-shell structure. For Au content below 25at%, surface Pt x Pd y active sites are available for efficient oxygen reduction reaction, in agreement with DFT calculations and experimental data. Simulations of direct core@shell system prepared in conditions mimicking those of plasma sputtering deposition pointed out an increase of the number of accessible Pt x Pd y surface active sites. Core-shell nanocatalyst morphology changes occur due to impinging Pt kinetic energy confinement and dissipation.
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Molecular dynamics simulations of ternary PtxPdyAuz fuel cell nanocatalyst growth

Introduction
Improving design and/or reducing noble metal content in electrocatalysts for fuel cell electrodes while maintaining and/or increasing proton exchange membrane fuel cell (PEMFC) performance in terms of durability and power density are crucial challenges for PEMFC mass market applications [1] [2] [3] [4] . A possible way consists in combining noble metals (Pt, Pd, Au ...) [5] [6] [7] [8] [9] [10] [11] and non-noble metals for preparing binary and ternary nanocatalysts. While non-noble metals are interesting from a cost reduction point of view, they may lead to reduced stability compared to pure platinum due to their dissolution capability [12] [13] [14] [15] [16] [17] . Pt x Pd 1-x . binary catalysts have been proposed as possible candidates for both PEMFC electrodes, the anode for the hydrogen oxidation reaction and the cathode for improved oxygen reduction reaction (ORR) compared with pure platinum [18] [19] [20] [21] [22] . At the same time, Au addition was proposed to improve durability of the nanocatalysts [23] [24] [25] [26] [27] . On the other hand, the atomic structure and morphology [28] also play very important roles in the electrocatalytic efficiency for ORR.
Beside experimental investigations, molecular simulations in conditions matching
experiments are also of particular interest [4, 29] . While density functional theory (DFT) simulations are able to predict both structure and composition of nanocatalysts leading to higher ORR efficiency, molecular dynamics (MD) simulations are able to predict their growth mode and the final possible structure when simulations are carried out with initial conditions consistent with experimental ones [30, 31] . This is of interest for comparing structure predictions and consistency with ORR efficiency and cyclic voltammetry results. The present work is devoted to MD simulations applied to the synthesis of PtPdAu ternary catalysts by both a wet chemical method at room temperature and a plasma sputtering co-deposition, based on the availability of recent detailed experimental [32] and DFT results [27] .
Initial conditions for MD simulations.
Molecular dynamics simulation is a simple way to calculate at every times the trajectory of an ensemble of atoms subjected to forces, by solving the Newton equations of motion [33] [34] [35] [36] [37] .
Growth of ternary catalysts is a typical situation, where MD simulations can be called for [32] . The required input parameters are only a relevant choice of initial conditions, especially the velocities that should be selected from velocity distributions as close as possible to those of experimental context studied.
In the present study, Pt, Pd and Au atoms are deposited on a model porous carbon issued from microscopy analysis [38] , and thus expected to closely match carbon morphology of a PEMFC active layer. The dimensions of the model porous carbon substrate are 6 × 6 × 6 nm 3 , containing 17,040 atoms, corresponding to a density of 1.57 g cm −3 and to a porosity of 48%.
A picture of this substrate is shown in Figure 1 . Such many-body potentials have been validated in conditions of sputtering deposition [40, 42, 43] . The metal-carbon interactions are estimated using a 12-6 Lennard-Jones (LJ) potential [44] . The simulations are carried out using LAMMPS software [37, 45] .
Results and discussion
MD simulations for a chemical synthesis at room temperature of Pt 50 Pd 25 Au 25 and
Pt 70 Pd 15 Au 15 .
Previous experimental results [32] and DFT calculations [27] have proven that Pt 50 Pd 25 Au 25
and Pt 70 Pd 15 Au 15 lead to improved catalytic activity towards ORR and that gold could be responsible for improved catalyst stability. The choice for gold content below 25% was dictated by the necessity to obtain a good compromise between catalytic activity and stability, due to gold segregation to nanocatalyst surface [27, 32] . Similar trends in chemical ordering were revealed when more comprehensive searches were performed, utilizing genetic algorithms to elucidate stable structures of PtAu and PtPdAu nanoparticles, though these searches were performed at 0K in vacuum [46, 47] .
Metal deposition is the first dynamical step leading to the nanocatalyst structure and composition. Side views at lower Pt contents show cluster growth as core-shell structure in the early deposition time (Figures 2(a,b) ): a core of Pt atoms is growing surrounded by a Pd monoatomic shell and an outer Au shell. This is consistent with the hierarchy of surface energies deduced from the EAM parametrization. Increasing the atom number results in the coalescence of small aggregates (Figure 2 Figures 3(a,b ,c) and Figures 3(g,h) ). When increasing the number of deposited atoms, clusters coalesce, keeping the memory of the initial clusters with the appearance of Pd boundaries inside the Pt core (Figures 3(d,e,f) ). For further increasing cluster size in the course of deposition, platinum is occupying the surface skin to an increasing extent ( Figure   3 (j,k,l)). In the final stage, the surface composition Pt 33 In addition, Table 2 gives nearest-neighbor distances (up to the 7 th ) issued from ternary nanocatalysts RDF compared to theoretical face centered cubic crystal nearest-neighbor distances from single Pt, Pd and Au. of the former catalyst compared to that of the latter one. It is also worth to note that the surface enrichment by Au of the ternary catalysts after ageing tests was observed [32] , confirming experimentally the propensity of gold atom to segregate towards the surface.
Simulation of plasma sputtering deposition and growth of Pd 25 Au 25 @Pt 50 core@shell ternary nanocatalysts
As it is necessary to enrich the nanocatalyst surface by Pt in order to increase the ORR activity, a possible way is to use alternate plasma sputtering deposition, firstly of the core element(s) and secondly the shell element(s) [31] . For comparison to the Pt 50 Pd 25 Au 25 ternary nanocatalyst grown in conditions matching chemical synthesis (but also plasma sputtering with high pressure-target to substrate distance product [31] ), we are considering the growth of the Pd 25 Au 25 @Pt 50 nanocatalyst. In the AuPd core deposition step, the nanocatalyst is growing to form clusters. It should be noticed that initial clusters grow on the carbon pore entrance ( Figure 5(k) ), as a result of the present sputtering simulations: around 3 eV for Pd and Au (see Section 2) . When first 5000 atoms, randomly selected as being either Pd or Au, have been released to the carbon substrate, the deposition of 5000 Pt atoms starts and the Pd-Au deposition is stopped. Figure 5(e) shows a well-defined core shell PdAu@Pt nanocatalyst with a very low surface Au content ( Figure   5(o) ). These snapshots are taken close before the starting of a cluster coalescence mechanism.
When the clusters have coalesced, the nanocatalyst morphology changes to that of a nanowire, and for further Pt deposition, the nanowire is continuously enriched by segregating Au atoms For the nanowire phase, where Pt is still released to the surface, the structure evolved from crystalline to disordered, just before the transformation into nanofilm morphology. This can be seen on the side view of Figure 5(g, h) ; the corresponding RDF plot is displayed in Figure   6 , where the structure change from crystalline one to disordered one is depicted by the broadening of 1 st , 3 rd and 5 th NN peaks and wiping out of 2 nd , 4 th and 6 th NN peaks. The nanofilm formed just after the transition is also disordered with the same effects on the RDF plots, i.e. broadening and wiping out of peaks. Further deposition of Pt atoms leads to complete crystallization of the nanofilm ( Figure 5 (i-j). This is supported by the total RDF plots ( Figure 7 ) just after the nanowire to nanofilm transformation and at the end of the simulated deposition. One can further notice that the RDF of the non-crystallized film is similar to the RDF of a liquid. Indeed when checking nanocatalyst temperature increase above the thermostated substrate at 300K (Figure 8 ), temperature peaks correspond to phase transformation from cluster to nanowire, nanowire crystallization, nanowire to nanofilm transformation and nanofilm crystallization, followed by temperature relaxation into the substrate. This means that the energy delivered by Pt impact on the existing nanocatalyst is confined into the nanostructure and when it increases due to Pt deposition, it leads to various transformations.
The nanofilm morphology allows completely dissipating the energy into the substrate due to the highest nanocatalyst contact area with the carbon substrate. One should recall that the only r (Å)
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The maximum temperature rise is 350 K leading to a catalyst film temperature of 650 K.
Supported Pt nanoclusters are known to fuse below 650 K [50] . Transition to nanofilm in a fused state is expected to have higher wettability and thus the nanofilm can relax to a crystalline state when cooling down. 
